In recent years, various folding zones within the ribosome tunnel have been identified and explored through x-ray, cryo-electron microscopy (cryo-EM), and molecular biology studies. Here, we generated ribosome-bound nascent polypeptide complexes (RNCs) with different polyalanine (poly-A) inserts or signal peptides from membrane/secretory proteins to explore the influence of nascent chain compaction in the Escherichia coli ribosome tunnel on chaperone recruitment. By employing timeresolved fluorescence resonance energy transfer and immunoblotting, we were able to show that the poly-A inserts embedded in the passage tunnel can form a compacted structure (presumably helix) and reduce the recruitment of Trigger Factor (TF) when the helical motif is located in the region near the tunnel exit. Similar experiments on nascent chains containing signal sequences that may form compacted structural motifs within the ribosome tunnel and lure the signal recognition particle (SRP) to the ribosome, provided additional evidence that short, compacted nascent chains interfere with TF binding. These findings shed light on the possible controlling mechanism of nascent chains within the tunnel that leads to chaperone recruitment, as well as the function of L23, the ribosomal protein that serves as docking sites for both TF and SRP, in cotranslational protein targeting.
INTRODUCTION
There is mounting evidence that the ribosome tunnel plays an active role in regulating translation, initial protein folding, and the early translocation process (1) . During protein translation, the nascent chain is synthesized at the peptidyl transferase center (PTC), with the elongating polypeptide penetrating residue by residue through an 80-100 Å long and 10-20 Å wide passage within the ribosome large subunit (2) (3) (4) . This highly irregular tunnel is predominantly composed of ribosomal RNA (~80%) and three ribosomal proteins (designated L4, L22, and L23 in bacteria) (5, 6) . In the past decade, much attention has been directed toward studying the influence of the ribosomal tunnel on the protein translation process. For instance, the narrowest part of the tunnel (~25 Å away from the PTC), constructed by a b-hairpin loop of L22 and its proximity neighbor, L4, was suggested to induce translation arrest with the SecM nascent polypeptide (7) (8) (9) (10) . In addition, depletion of the eukaryotic ribosomal protein L39 from the Saccharomyces cerevisiae ribosome resulted in a severalfold decrease in translational accuracy (11) .
Recent structural and biophysical studies have shown that short polypeptides may adopt compact conformations within the tunnel (12) (13) (14) , whereas three-dimensional folding appears to be precluded except toward the distal end (15) . By monitoring the fraction of pegylated cysteine on the nascent chain with different consecutive polyalanine (poly-A), inves-tigators were able to confirm and scrutinize the compaction of poly-A at different regions in the ribosome tunnel (13) . In addition, cryo-electron microscopy (cryo-EM) reconstruction of the poly-A-containing nascent chains is consistent with the notion that poly-A fragments can adopt helical conformations within the tunnel (14) . At this juncture, it is uncertain whether these ribosome-induced conformations can serve as signals for protein targeting. Nevertheless, the compacted conformations of the nascent polypeptide within the tunnel could still be exploited to direct ribosome-mediated processes such as control of the protein translation arrest, adjustment of the open/closed form of the translocon in the endoplasmic reticulum membrane, and recognition of substrate by the signal recognition particle (SRP) (6) (7) (8) (9) 12, 16) .
It is generally recognized that the recruitment of chaperones plays a key role in directing protein targeting, assisting protein folding, and preventing protein aggregation. However, the influence of the folding zone within the ribosome tunnel on the chaperone recruitment has remained largely unexplored. In Escherichia coli, trigger factor (TF) is the first chaperone that interacts with the nascent polypeptide emerging from the ribosome to prevent aggregation, and serves as a cradle to promote protein folding (17) . It has been shown that the chain length and sequence of the nascent chain outside the ribosome influence the binding of TF to ribosome-bound nascent polypeptide complexes (RNCs) (18) (19) (20) . Further kinetic studies of the binding/release of TF to/from RNCs also indicate that the hydrophobicity of the nascent chains dominates the TF recognition (20) . However, it is not clear whether interactions of the nascent polypeptide inside the ribosome tunnel during the early stages of cotranslational protein folding also influence the recruitment of TF. To address this issue and to elucidate the nature of these interactions, we introduced helical structural motifs into the nascent polypeptide chain at various folding zones within the E. coli ribosome tunnel and examined the effects of compaction on chaperone recruitment. RNCs with poly-A inserts at different locations and fluorophore-attached amino acids were designed and generated. Fluorescent donor and acceptor introduced into these RNCs by fluorescent tRNAs were exploited for the conformational analysis of the nascent chain by time-resolved fluorescence resonance energy transfer (TR-FRET) experiments. We also generated RNCs bearing two different signal sequences and evaluated their effects on TF binding to further corroborate the influence of nascent chain compaction on TF recruitment.
MATERIALS AND METHODS

Materials
We constructed polyalanine and N-terminal signal sequences on pIVEX2.3d-GFP plasmid (Roche, Mannheim, Germany) by applying site-directed mutagenesis and overlap extension polymerase chain reaction (PCR) (21) . The cell-free system (T7 High-Yield Protein Expression System) and BODIPY FL -Lys-tRNA Lys were both purchased from Promega (Madison, WI). The gene encoding E. coli TF was constructed into a pET21a plasmid (Merck KGaA, Darmstadt, Germany) and then expressed/purified based on a previous protocol (22) . The detailed procedures are described in the Supporting Material. The sequences of the primers used here, as well as the anti-oligonucleotides used to generate the different RNCs, are listed in Table S1 .
Synthesis of BODIPY 576 -Met-tRNA f
Met BODIPY 576 -Met-tRNA f Met was prepared as described previously (23) . Briefly, tRNA f Met (Sigma-Aldrich, St. Louis, MO) was aminoacylated with E. coli aminoacyl tRNA-synthetases (Sigma-Aldrich) in the buffer A (20 mM imidazole-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl 2 , 2 mM ATP, 50 mM methionine) and 0.01 U/ml of pyrophosphatase. After incubation at 37 C for 45 min, the reaction was stopped by adding 0.1 Â volume of 3 M NaOAc (pH 5.5) followed by phenol extraction and ethanol precipitation. The precipitated Met-tRNA f Met was dissolved in the storage buffer (5 mM NaOAc and 2 mM MgCl 2 ) and kept at À20 C.
Labeling of the Met-tRNA f Met with BODIPY 576/589-SE (Invitrogen, Eugene, OR) was carried out in 50 mM NaHCO 3 solution and 20% DMSO at 4 C for 1 h. The fluorophore-labeled tRNA was purified by means of a Nuc-Away kit (Ambion, Austin, TX), concentrated by ethanol precipitation, and stored in the storage buffer at À20 C. The generation of BODIPY 576 -Met-tRNA f Met was confirmed by 10% NaOAc-urea-PAGE (24), which was detected by fluorescence imaging using 532 nm laser excitation with a 580 nm bandpass filter on the gel imager (Typhoon; GE Healthcare, Piscataway, NJ) ( Fig. S1 ).
Generation of fluorophore-labeled RNCs with fluorescent tRNAs
The cell-free system (S30 T7 High-Yield Protein Expression System) was used for nascent-polypeptide biosynthesis. In the reaction, we incorporated the fluorescent donor and acceptor into the nascent chain cotranslationally by using two fluorophore-attached tRNAs (BODIPY FL -Lys-tRNA Lys (Promega) and BODIPY 576 -Met-tRNA f Met , respectively). We controlled the lengths of the nascent chains by applying anti-sGFP 34 oligonucleotide and RNase H according to the oligodeoxynucleotide-directed mRNA cleavage method (25) . In addition, anti-ssrA oligonucleotide was also included to inhibit trans-translation of ssrA (26) . The reaction was carried out at 37 C for 30 min, followed by RNC purification at 4 C. After a brief centrifugation (13,000 rpm, 10 min), the RNCs in the supernatant of the cell-free product were further purified by ultracentrifugation as described previously (25) , except that a TLA120.1 rotor with a maximum relative centrifuging force of 201,000 Â g was used. The ribosomal pellet was resuspended in buffer B (10 mM Tris-HCl (pH 7.0), 60 mM NH 4 Cl, 10 mM Mg(OAc) 2 , 0.5 mM EDTA, and 1 mM DTT) and kept at À80 C. The nascent chains were confirmed to be bound to the ribosome by means of a puromycin replacement assay (25) (see Fig. 2 ).
The fluorophore-labeled nascent chains were detected in 12% Trisacetate SDS-PAGE followed by fluorescence imaging using 488 nm laser excitation accompanied by a 520 nm bandpass filter for donor visualization and 532 nm laser excitation with a 580 nm bandpass filter for acceptor visualization (Typhoon; GE Healthcare).
Frequency-domain fluorescence lifetime measurements
Lifetime measurements on the donor fluorophore were performed at room temperature on a multifrequency phase and modulation fluorimeter (Chronos; ISS, Champaign, IL) equipped with a diode laser (l ex ¼473 nm). All samples were detected at 10-200 MHz of modulation frequency with a fluorescent standard, fluorescein (lifetime~4 ns). An FF01-536/ 40-25 filter (Semrock) that allowed fluorescence signals from the donor but suppressed noise from the acceptor emission was used in the detection. For each sample, the determination of phase shift and modulation ratio under different modulation frequencies was repeated three times. The averaged information was then applied for the fitting. The total number of measurements from independent experiments (n) was 3-6. We analyzed the fluorescence data by using the Vinci software package (ISS) based on the relationships among the phase shift (f), the modulation ratio (M), and the fluorescence lifetimes (t). Details are provided below.
Fitting of the frequency-domain fluorescence lifetimes
We determined the fluorescence lifetimes of the samples using the relative phase shift and the modulation ratio of the fluorescence with respect to the fluorescent reference fluorescein. The relationships among the phase shift (f), modulation ratio (M), and lifetimes (t) are given as follows:
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where n is the number of exponential decays, u is the angular modulation frequency (radians/s), and t i and a i are the lifetime and the preexponential factor, respectively, of the ith component.
In our experiments, not all of the nascent polypeptides were labeled with fluorescent probes, because the pools of Met-tRNA f Met and Lys-tRNA Lys in the protein-expression system were not totally fluorescent-labeled. Although the BODIPY 576 -Met-tRNA f Met synthesized for this study had been purified to homogeneity, the fluorescent Met-tRNA f Met was subsequently diluted by background endogenous aminoacylated-tRNAs in the cell-free reaction. The incorporation of the BODIPY FL -Lys-tRNA Lys into the nascent chains was expected to be even lower because the BODIPY FL -Lys-tRNA Lys was obtained from a commercial source and was no more than~80% labeled. Accordingly, some nascent peptides were labeled with the fluorophore at either the donor site or the acceptor site only, and only a small fraction of the nascent polypeptides contained the two fluorophores at the donor and acceptor sites, respectively. In fact, some nascent chains were not fluorescent-labeled at all.
Only those nascent polypeptides containing the Lys labeled with the BODIPY FL would contribute to the emission from the Lys site upon excitation of the fluorophore (donor), and only those chains with both the donor and acceptor sites fluorescent-labeled could give a TR-FRET. Thus, we wrote for the impulse function I(t) as follows:
In this expression, t 1 comes from light scattering, t 2 is the lifetime of the donor from nascent chains without the Met fluorescent-labeled, and t 3 is the shortened lifetime of the donor when there is FRET from the donor to the acceptor fluorophore. Nascent polypeptides that adopt conformations such that the donor and acceptor fluorophores are too far apart to yield measurable FRET will contribute to the t 2 component. For each component, the corresponding fractional contribution is given by
When the RNCs are prepared only in the presence of BODIPY FL -Lys-tRNA Lys (donor), the two-exponential model that was used to fit the data as the third component in Eq. 5 no longer carries any physical meaning. The t 2 obtained from the two-component fit to the data for the donorlabeled RNCs corresponds to the fluorescence lifetime of the donor t F D .
The emission lifetime of the donor is shortened when there is FRET from the donor to the acceptor fluorophore in a nascent chain that is doubly labeled. This lifetime, t 3 (usually referred to as t F DþA ), is determined by fitting the results for the donor-acceptor-labeled RNCs to a three-component model. As noted above, situations in which the donor and acceptor sites are both labeled but no FRET occurs between the two fluorophores cannot be distinguished from nascent chains labeled at the donor site only. Nascent chains with only the Met site fluorescent-labeled did not contribute to the experiment.
A fixed lifetime component (t 1 ), with a short lifetime <1.2 ns and a small amplitude f 1 < 0.10, is needed to fit the data on all of the samples due to the low fluorophore concentrations (nM). This contribution is presumed to originate from light scattering (Table S2) .
We performed curve fitting by using nonlinear least-squares methods, and evaluated the results using the c 2 value. The fitting routine finds the best possible match between the measured values (phase shift (f e ) and modulation ratio (M e )) with the calculated values (phase shift (f c ) and modulation ratio (M c )) on the basis of the decay law at each frequency. When both phase and modulation data are available, c 2 is given by
where N is the total number of frequencies; n is the number of degrees of freedom; and s f and s M are the phase and modulation standard deviations, which we set constant at values of 0.2 and 0.004, respectively. According to previously reported studies and the instrumental manual, the optimal c 2 is~1 and a value < 2 is acceptable (27, 28) . The energy transfer efficiency (E FRET ) is given by
The E FRET is related to the donor-acceptor separation distance (R) by the equation:
where R 0 ¼ 57 Å for the selected FRET pair here (12) .
Recruitment of TF with different RNCs
Various concentrations of TF were included in the cell-free reaction in the TF recruitment experiments. The RNCs were obtained as described earlier and their concentrations were determined by UV absorbance at 260 nm, assuming that 1 unit of A 260 nm absorption corresponded to 24 nM of 70S ribosomes (29) . The TFs that were recruited by the same amount of RNCs were assayed by Western blotting with anti-TF pAb (Genscript, Piscataway, NJ). The blotting signals were analyzed by ImageJ (National Institutes of Health, Bethesda, MD) and ratios of the recruited TF were obtained by normalizing to the system with the highest recruitment, which was obtained with sG at 4 mM supplemented TF.
RESULTS
Design of nascent chains with poly-A inserts
RNCs comprised of the short nascent polypeptide derived from the N-terminus of GFP (residues 1-34) with two mutations (denoted sG in Fig. 1, A and B) were constructed. To explore the folding state of the nascent chain at different regions within the ribosome tunnel, and to characterize the effects of secondary structure on the recruitment of TF, we replaced a nine-residue fragment in sG by AAAAAAAAA (A 9 ) either near the exit (2A; Fig. 1 A) , at the center of the tunnel (8A; Fig. 1 A) , or close to the peptidyl transferase center (17A; Fig. 1 A) . This design is based on the finding that A 9 segments may adopt compacted helices within the eukaryotic ribosome tunnel (13, 14) and may potentially serve as a helical motif in different zones of the exit tunnel in the RNCs (Fig. 1 A) . The detailed sequences are listed in Fig. 1 B. The compaction of these nascent chains bearing A 9 segments was monitored by TR-FRET studies. The Biophysical Journal 102(12) 2818-2827 fluorescence donor and acceptor were incorporated into the RNCs (sG, 2A, 8A, and 17A) by covalent attachment of BODIPY FL to Lys 26 and BODIPY 576 to Met 1 , respectively, via their corresponding tRNAs ( Fig. 1 C) . The fluorophores BODIPY FL and BODIPY 576 were selected as the donoracceptor pair for their narrow excitation/emission profiles and sufficient spectral overlap for efficient energy transfer (R 0 ¼ 57 Å , n ¼ 1.4, and k 2 ¼2/3; Fig. S1 ) (12) . The estimated distance between the donor (Lys 26 ) and acceptor (Met 1 ) should be~69.5 Å [9 Â (1.5 Å per helical residue)] þ 16 Â (3.5 Å per extended residue)] if the poly-A fragment forms an a-helix, and 87.5 Å [25 Â (3.5 Å per extended residue)] if the A 9 segment is totally extended. The corresponding E FRET thus ranges from 0.24 to 0.07 for a nascent chain with a compacted A 9 segment to a totally extended nascent chain ( Fig. 1 D) . Because the length of tunnel is~100 Å , all of the nascent chains bearing the poly-A inserts should be embedded within the ribosome tunnel.
Generation of the fluorophore-labeled RNCs
The short, nascent polypeptides with predetermined chain length and attached fluorophores were generated in an E. coli in vitro transcription/translation system with antioligonucleotide and fluorophore-attached tRNAs (Fig. 2) . Labeling of the RNCs was confirmed by Tris-acetate SDS-PAGE and visualized by fluorescence under excitation of 488 nm (donor channel) and 532 nm (acceptor channel; Fig. 2 ). The acidic SDS-PAGE was used here to preserve the ester bond formed between the tRNA and conjugated polypeptide (24) . All nascent chains were shown to be ribosome-bound by application of the puromycin test (Fig. 2) . For example, the ribosome-associated nascent polypeptide sG (p-tRNA-sG in Fig. 2) , linked to the p-tRNA at the PTC in the ribosome, was conjugated to puromycin (puromycin-sG in Fig. 2) and released from the ribosome upon puromycin treatment. Some fluorescent tRNA, which could be degraded by RNase A but not released by puromycin, was also observed in the PAGE analysis. It is interesting that the smaller fluorescent tRNA migrates more slowly than the p-tRNA-peptide complex during electrophoresis. A possible explanation for this is that the p-tRNA-peptide complex has a higher effective charge (more negative) than the tRNA under the acidic buffer system. The anionic denaturant, SDS, can bind to the peptide and contribute sulfate groups to the p-tRNA-peptide complex in electrophoresis. On the other hand, the released tRNA may not present itself as a highly negative species in an acidic environment. The isoelectric points of RNA fragments with similar sizes to the tRNA (~80 nucleotides) have Folding in Ribosome Reduces TF Binding been reported to be higher (between 6.0 and 6.7) (30). Nevertheless, in TR-FRET measurements on a fluorescentlabeled tRNA control, we confirmed that the lifetime of the donor attached to the tRNA (~5.7 ns, t 2 , Blank in Table  S2 ) is similar to that on the nascent chains without FRET (~5.8-6.1, t 2 in Table 1 ), indicating that the background fluorescent tRNA would not interfere with the TR-FRET measurements.
TR-FRET analysis of fluorescent RNCs
The FRET efficiencies for the various fluorescent RNCs were obtained from the fluorescence lifetimes acquired from the time-resolved measurements ( Fig. 3 A) . The major advantage of TR-FRET is that, compared with steady-state measurements, the donor-acceptor separation distances can be mapped with greater quantitative accuracy. In the time-resolved experiment, the fluorescent lifetimes are insensitive to the local intensity or concentration, and are unaffected by the photobleaching of the fluorophores.
The results derived from the TR-FRET measurements on the four RNCs examined here are summarized in Table 1 and Table S2 . As noted earlier, only the dual-labeled RNCs can contribute to a t 3 component in the analysis of the TR-FRET data. Nascent chains with both donor and acceptor fluorophores exhibit shortened lifetimes if there is FRET between the two fluorophores (t 3 in Table  1 ). Whereas the values of t 2 centered around 5.8-6.1 ns (t 2 in Table 1 ) among all nascent chains (plus possible traces of fluorescent tRNA), the t 3 values were 4.4, 4.2, and 4.1 ns for 2A, 8A, and 17A, respectively. No t 3 component was required to fit the TR-FRET data for sG. Thus, it is evident that t 3 corresponds to t F DþA , and t 2 corresponds to t F D , the fluorescence lifetime of donors on nascent chains that are labeled with the donor fluorophore alone, or labeled at both the donor and acceptor sites but without FRET between the two fluorophores. These two scenarios cannot be distinguished from one another, and merge to give an overall t 2 component in our analysis. The fixed lifetime component (t 1 ) was attributed to light scattering, as noted earlier (see also Materials and Methods).
Poly-A-containing nascent chains form a compact conformation in the ribosome tunnel
According to our earlier calculations, if the A 9 insert in the nascent polypeptide adopts a helical conformation within the ribosome tunnel of the RNC, the distance separating the fluorescent donor and acceptor will be~69.5 Å . This distance would give an E FRET of~0.24 in the TR-FRET experiment. Analysis of the E FRET data confirms that the A 9 fragment forms a compacted helix in nascent 2A, 8A, and 17A (E FRET~0 .3; Table 1 ), with FRET distances of 66 5 5 Å (Fig. 3 B) . In contrast, no t 3 component is needed to fit the TR-FRET data for sG. Thus, the donor and acceptor fluorophores must be too far apart in sG to give an observable FRET, implying an extended conformation in this nascent polypeptide. Therefore, we have successfully generated different RNCs in both extended (sG) and compacted (2A, 8A, and 17A; Fig. 3 C) states. Because the observed compaction is similar in 2A, 8A, and 17A, we surmise that A 9 is forming a helical motif in the different folding zones of the E. coli ribosome tunnel. According to their helical propensity (31), these compacted nascent chains do have similar intrinsic tendencies (~7-9 kcal/mol) to adopt the helix conformation, which is different from sG (~13 kcal/mol).
It is possible that the nascent 2A, 8A, and 17A chains in the ribosome tunnel are not structurally homogeneous. In other words, the poly-A segment may not be compacted in all of the nascent polypeptides, but may instead coexist as a mixture of the a-helical fragment and other, moreextended conformations. In the more-extended conformations, the FRET from the donor fluorophore to the acceptor may be too low to contribute to the t 3 component. On the other hand, if the structure of the A 9 fragments is mostly in the compacted motif, the ratio of f 3 /f 2 should reflect the efficiency of incorporating the fluorescent-labeled amino acids into the nascent chains. This efficiency of probe incorporation is not available in our experiments, and unfortunately, there is no simple way to directly measure probe incorporation under the conditions used here. However, in a study using the same strategy in a wheat germ cell-free system, it was reported that only 25-30% of the fluorophore-attached amino acids were incorporated into the nascent chains (12) . Although there is no basis to assume that the bacterial and wheat germ systems should behave similarly in this regard, it turns out the f 3 /f 2 ratios are not so sensitive to the efficiency of probe incorporation provided that a sufficient number of the nascent chains are dual-labeled with the fluorescent-labeled amino acids, and the structure of the A 9 fragments is in the compacted motif in a substantial fraction of these nascent polypeptides. As an illustration, the ratio of dual-labeled nascent chains to donor-labeled nascent chains (0.2) is similar to the ratio of f 3 /f 2 that we observed for 8A in our TR-FRET experiments, if one assumes a similar efficiency (25-30%) for incorporating the fluorescent donor and acceptor into our E. coli cell-free system as in the wheat germ system. (The measured f 3 /f 2 ratios are 0.15, 0.3, and 0.45 for 8A, 2A, and 17A, respectively.) According to our analysis (Table S3) , a higher observed f 3 /f 2 ratio can only come about with a higher efficiency of incorporation of the fluorescent-labeled amino acids into the nascent polypeptides, and then only with the A 9 fragments in these nascent chains being mostly compacted (>75%) within the ribosome tunnel. Thus, although our experimental design does not permit measurements of the extent of probe incorporation, a shortcoming that does place certain limits on the interpretation of our results, the caveat that some of the A 9 fragments in the nascent 2A, 8A, and 17A chains may not be compacted in the ribosome tunnel should not detract from the general conclusion that we have derived from this study (vide infra) relating to the effect of the compaction on ribosome function.
To demonstrate that the FRET observed for the nascent polypeptides with the A 9 inserts results mainly from the compaction of the poly-A segment, we added back six amino acids of the parent sequences to 2A, 8A, and 17A right behind the nine inserted alanines, and remeasured the FRET efficiency in the extended nascent polypeptides 2A þ , 8A þ , and 17A þ (Fig. 4 B) . If the additional amino acids introduced could be induced to form helices, the extended nascent chain should still give significant FRET signals (calculated distance: 78.5 Å ; calculated FRET efficiency: 0.13). As expected, no FRET was observed in 2A þ , 8A þ , or 17A þ , indicating that the parent sequences added to form these extended nascent polypeptides were mostly in an extended state (calculated distance: 90.5 Å ; calculated FRET efficiency: 0.06). Of more importance, these experiments allowed us to move each of the A 9 structural motifs some 21 Å farther toward the tunnel exit, and, in fact, in the case of nascent polypeptide 2A þ , the poly-A insert should be outside of the ribosome tunnel. Details of the TR-FRET measurements on 2A þ , 8A þ , and 17A þ are shown in Table S4 and Fig. S3 .
The high FRET efficiency between the same donor/ acceptor pair observed by Woolhead et al. (12) on nascent chains of membrane proteins, together with the results presented here, suggests that most of the ribosome exit tunnel is capable of accommodating the helical conformation of nascent chains in the wheat germ and the E. coli ribosome. On the other hand, on the basis of a biochemical analysis of poly-A nascent chain compaction by Lu and Deutsch (13) , as well as cryo-EM studies by Bhushan et al. (14) , it was proposed that the helix is mainly formed at the beginning or the bottom of the tunnel, but not in the middle region, Folding in Ribosome Reduces TF Binding in the case of the wheat germ and the rabbit ribosome. At present, we are not sure whether these different observations are due to the different biological species or different analytical tools (FRET versus chemical modification and cryo-EM) used to monitor the compaction. Although the descriptions of the folding zones differ slightly among these studies, they all suggest that the nascent chains bearing poly-A, alanine-rich, or membrane sequence can adopt the a-helical conformation in the ribosome tunnel.
RNCs bearing either a compacted poly-A or signal sequence appear to lessen the recruitment of TF in a zone-specific manner Interestingly, the folding state of the nascent polypeptide within the tunnel may influence chaperone recruitment. We examined the ability of seven RNCs to bind to TF, the ribosome-associated chaperone that provides a protective crevice from protease cleavage and serves as a folding cradle for the nascent proteins emerging from ribosome (17) . Various concentrations (1-4 mM) of recombinant TF were added to the cell-free system and the ribosome-bound TF complexes were copurified with the RNCs, followed by Western blotting with TF antibody (Fig. 4 A) . The TF recruitment by the RNCs containing 2A, 8A, and 17A were compared with the corresponding recruitment by sG at various concentrations of supplemented TF (Fig. 4 C) .
We found that the TF recruitment was significantly reduced in 2A and 8A, but only slightly reduced in 17A. At 1 mM TF, the recruited TF ratio (recruited TF/recruited TF by sG) followed the trend: sG (0.8) > 17A (0.6) > 2A (0.3) > 8A (0.2) ( Fig. 4 D) . In the case of sG and 17A, the TF recruitment was found to be insensitive to the initial TF concentration. However, higher amounts of TF were required in the case of 2A and 8A, indicating weaker TF binding. The degree of TF binding thus seems to depend on the location of the helical motif within the exit tunnel in the RNCs. Moreover, the recruitment of TF was somewhat affected in the case of 8A þ but not in 2A þ or 17A þ , when compared with sG ( Fig. 4, C and D) . These results regarding TF recruitment are detailed in Table S5 .
For comparison, two RNCs containing signal sequences (SA-RNC and SS-RNC) were also generated. The SA-RNC harbors a signal anchor (SA) sequence from a cytoplasmic membrane protein (leader peptidase MANMFA LILVIATLVTGILWCV), and SS-RNC includes a signal sequence (SS) from a secretory protein (pre-b-lactamase, MFRTTLCALLITASCSTFA; Fig. 4 B) (32) . Presumably, these signal sequences form helices within the ribosome tunnel (12, 33) . Moreover, the SA and SS signal sequences have been reported to enhance the recruitment of SRP to the RNCs while they are still residing in the ribosome tunnel (32, 34) .
Compared with poly-A-containing RNCs, we found that the SA-and SS-RNCs recruited significantly less TF than sG (Fig. 4, C and D) . In fact, the SA-RNC has the lowest binding affinity for TF among all the RNCs (recruited TF ratio relative to sG:~0.2 and 0.3 at TF concentrations of 2 mM and 4 mM, respectively). From a cryo-EM reconstruction of SRP-RNCs structure and FRET studies, it was previously surmised that the signal sequences form compacted structural motifs within the tunnel (12, 33) . In this study, the nascent chains SA and SS span the same region of the tunnel that is presumably occupied by the poly-A motif in 2A and 8A. Therefore, the data are consistent with the All experiments were repeated three to nine times, and the data are represented by means 5 SD. Nascent chains that showed a significant difference (p smaller than 0.01) in TF recruitment from the sG control according to the t-test are highlighted by an asterisk (TF recruitments were performed with the same amount of TF supplement).
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We also considered whether the hydrophobicity of these nascent chains contributes to the TF recruitment. The hydrophobicity of sG, 2A, 8A, 17A, SS, and SA was obtained by total or local hydrophobicity analysis (35, 36) . The results showed that there is no correspondence of the TF recruitment with the predicted trend in the hydrophobicity of these nascent chains (Fig. S5) . The total hydrophobicity (kcal/mol) of these nascent chains followed the trend (from the highest to the lowest) SA (4.5) > SS (16) > 17A (20.5) > 2A (26) > sG (30.6) > 8A (39.1). The local hydrophobicity analysis revealed that many amino acids with high mean hydrophobicity (<À0.5 kcal/mol) were found in SA (n ¼ 14), 17A (n ¼ 10), and 2A (n ¼ 8), but only a few were found in sG (n ¼ 3), and they were absent in 8A and SS (Fig. S5 ).
DISCUSSION
Possible regions in the ribosome that interact with RNCs and interfere with TF recruitment
Earlier work allowed us to map the regions of the exit tunnel where a helical motif might interfere with the TF recruitment. From x-ray and cryo-EM reconstituted structures of the ribosome, the exit tunnel appears to be created by the three tunnel-associated ribosomal proteins, L4, L22, and L23 ( Fig. 5 A) (5, 6) . We aligned all of the nascent chains examined in this study and compared them within the ribosome tunnel ( Fig. 5 A) . Except in the case of 17A, 2A þ , and 17A þ , we find that the poly-A segments in the remaining nascent chains, namely, 2A, 8A, and 8A þ , as well as a portion of the SA and SS sequences, may be in contact with L23.
When we compare the TF recruitment between 2A and 2A þ , we find that 2A þ has lost the ability to reduce the TF recruitment, which is expected because the poly-A segment in 2A þ is now outside of the ribosome tunnel and can no longer interact with L23 ( Fig. 5 A) . Between 8A and 8A þ , a noticeable reduction in TF recruitment is still observed. Here, when we align the nascent chain sequence of 8A þ against that of sG, it appears that the A 9 segment in 8A þ might still be able to interact with L23. Accordingly, we surmise that the reduction in the recruitment of TF might be brought about by the introduction of the A 9 helical motif to the region associated with L23. We conclude that the change in TF binding is not related to the loss of specific residues in the parent sG sequence, but is instead associated with the presence and location of the poly-A compaction at the bottom 35 Å portion of the tunnel (in 2A, 8A, 8A þ , SA, and SS). Although the whole tunnel might permit helix formation, it is the bottom portion that modulates TF recruitment.
It is significant that compaction of the nascent polypeptide chain within the ribosome exit tunnel can influence TF recruitment. In this study, the A 9 helical motif was judiciously placed in different regions of the ribosome exit tunnel to facilitate the transmission of different allosteric signals to the TF-binding surface outside the ribosome tunnel when the compacted helix is interacting with the inside walls of the tunnel in the different zones. The experimental results we obtained for the SA-and SS-RNCs are in good agreement with these conclusions, because these signal peptides presumably form a compacted structural motif that may interact with L23 as in 2A, 8A, and 8A þ .
Possible competition between TF and SRP binding on L23
Only one ribosomal protein, L23, is associated with the bottom 35 Å portion of the tunnel, and TF binds to the external surface of L23 in the ribosome structure (5) . We conjecture that there is an interaction between the helical motif in the different RNCs (2A, 8A, 8A þ , SA, and SS) and the loop of L23 lining the tunnel that triggers a conformational signal to the TF-binding surface of L23 to regulate the recruitment of TF. FIGURE 5 Possible interacting zones between the ribosome tunnel and the nascent chains suggested by the ribosome crystal structure (5,6) and our experimental results. (A) Possible locations of our nascent chains in the tunnel. The ribosome tunnel is colored in light blue, and the three ribosomal proteins that may interact directly with nascent chains in the tunnel are in yellow (L4), blue (L22), and red (L23) block, respectively. For easier comparison, the compact poly-A and signal sequence fragments on the nascent chains are shown as tubes and the parent GFP fragments are shown as dotted lines. The region of the ribosome tunnel 35 Å from the tunnel exit that includes the L23 is proposed to be important for TF recruitment. (B) A model of the compacted nascent chains (e.g., 8A) within the bottom of the tunnel that may interact with L23 and influence TF recruitment.
It is known that L23 provides the general docking site for both TF and SRP (1) . Several biochemical and biophysical studies indicate that SRP has a strong association with L23 when a signal sequence is present in the exit tunnel of the ribosome (16, 32, 34) . In this study, we have shown that TF recruitment is substantially diminished when signal sequences occupy the L23-associated region within the tunnel (Fig. 5 B) . Although the notion is still under debate, the binding of TF and SRP may be mutually exclusive, in that a helical motif in this region of the exit tunnel decreases the binding affinity of TF and presumably enhances the affinity of the ribosome for SRP. In fact, a reduction of TF binding to the RNC is essential to ensure that the SRP takes over from the TF in the cotranslational folding of membrane/secretory proteins to increase the accuracy of recognition of the nascent chain during protein targeting. In this manner, depending on whether a polypeptide is targeted for the membrane/secretion or the cytosol, the nascent chain can become associated with the SRP, or fold spontaneously with the assistance of the TF chaperone, when it emerges from the exit tunnel (18) (19) (20) 37) . Interestingly, a recent study showed that SecA, which has been proposed to recognize secretory proteins post-translationally, is also capable of interacting with L23 (38) . This striking result adds further complexity to the issue of competitive binding of chaperones on the ribosome surface.
CONCLUSION
In this work we have provided different examples to demonstrate that cotranslational protein folding within the ribosome tunnel may affect chaperone recruitment. By relocating the position of the poly-A segment within the tunnel, we found that we could modulate TF recruitment. Although the mechanistic details remain to be explored, it is clear that L23 plays an important role in the protein translocation process (32) .
SUPPORTING MATERIAL
Five tables and five figures are available at http://www.biophysj.org/ biophysj/supplemental/S0006-3495(S0006-3495(12)00523-1.
